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1
PROCESS FOR PRODUCING
CYCLOHEXYLBENZENE

PRIORITY CLAIM TO RELATED
APPLICATIONS

This application is a National Stage Application of Inter-
national Application No. PCT/US2012/053766 filed Sep. 5,
2012, which claims priority to U.S. Provisional Application
Ser. No. 61/548,080 filed Oct. 17, 2011, the disclosures of
which are fully incorporated herein by their reference.

FIELD

The present invention relates to a process for producing
cyclohexylbenzene and for converting the resultant cyclo-
hexylbenzene into phenol and cyclohexanone.

BACKGROUND

Phenol is an important product in the chemical industry
and is useful in, for example, the production of phenolic
resins, bisphenol A, e-caprolactam, adipic acid, and plasticiz-
ers.

Currently, the most common route for the production of
phenol is the Hock process. This is a three-step process in
which the first step involves alkylation of benzene with pro-
pylene to produce cumene, followed by oxidation of the
cumene to the corresponding hydroperoxide, and then cleav-
age of the hydroperoxide to produce equimolar amounts of
phenol and acetone. However, the world demand for phenol is
growing more rapidly than that for acetone. In addition, dueto
a developing shortage, the cost of propylene is likely to
increase.

Thus, a process that uses higher alkenes instead of propy-
lene as feed and coproduces higher ketones, such as cyclo-
hexanone, rather than acetone may be an attractive alternative
route to the production of phenols. For example, there is a
growing market for cyclohexanone, which is used as an
industrial solvent, as an activator in oxidation reactions, and
in the production of adipic acid, cyclohexanone resins, cyclo-
hexanone oxime, caprolactam, and nylon 6.

It is known from, for example, U.S. Pat. No. 6,037,513 that
cyclohexylbenzene can be produced by contacting benzene
with hydrogen in the presence of a bifunctional catalyst com-
prising a molecular sieve of the MCM-22 family and at least
one hydrogenation metal selected from palladium, ruthe-
nium, nickel, cobalt, and mixtures thereof. The contacting is
conducted at a temperature of about 50° C. to 350° C., a
pressure of about 100 kPa to 7000 kPa, a benzene to hydrogen
molar ratio of about 0.01 to 100, and a WHSV of about 0.01
to 100. In addition to cyclohexylbenzene, the product of the
hydroalkylation reaction comprises cyclohexane, dicyclo-
hexylbenzene, bicyclohexane, and a significant amount of
benzene. The *513 patent also discloses that the resultant
cyclohexylbenzene can be oxidized to the corresponding
hydroperoxide which is then decomposed to the desired phe-
nol and cyclohexanone co-product.

One problem with producing cyclohexylbenzene by the
hydroalkylation of benzene over an acid catalyst, such as
MCM-22, is that the reaction is highly exothermic and so it is
normally necessary to provide for cooling of the reagents.
This is conveniently achieved by recycling at least part of the
liquid phase reaction product although, since the product
contains high concentrations of cyclohexylbenzene, this has
the unintended result of increasing the concentration of
unwanted dicyclohexylbenzene and bicyclohexane in the
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product and hence decreasing the yield of the desired cyclo-
hexylbenzene. There is, therefore, interest in finding alterna-
tive processes for cooling the reagents in the hydroalkylation
process.

One such process is disclosed in U.S. Published Patent
Application No. 2010/0317895, in which (a) hydrogen and a
liquid feed comprising benzene are introduced into a reaction
zone, where the benzene reacts with the hydrogen to produce
cyclohexylbenzene; (b) a liquid effluent stream comprising
cyclohexylbenzene and benzene is removed from said reac-
tion zone; (¢) the liquid effluent stream is divided into at least
first and second portions, wherein the ratio of the mass of the
effluent stream first portion to the mass of effluent stream
second portion is at least 2:1; (d) the effluent stream first
portion is cooled; and (e) the cooled effluent stream first
portion is recycled to the reaction zone.

According to the invention, an alternative process for cool-
ing the reagents in the benzene hydroalkylation process is
provided, in which the hydroalkylation conditions are
adjusted to produce a significant amount of vaporization of
the benzene in the reactor. This vaporization not only pro-
vides direct cooling but also, since cyclohexylbenzene is
much less volatile than benzene and cyclohexane, the vapor
phase at the reactor exit contains very little cyclohexylben-
zene. Thus, by cooling and condensing the vapor phase eftlu-
ent and then recycling the condensed stream back to the
reactor, additional reactor cooling is achieved while restrict-
ing the amount of cyclohexylbenzene fed back to reactor and
hence minimizing the production of unwanted dicyclohexy-
Ibenzene and bicyclohexane.

SUMMARY

In one aspect, the invention relates to a process for produc-
ing cyclohexylbenzene comprising:

(a) contacting hydrogen and benzene in a first reaction zone
under conditions effective to produce a product effluent com-
prising cyclohexylbenzene and residual benzene, wherein at
least a portion of the residual benzene is in the vapor phase
and at least a portion of the cyclohexylbenzene is in the liquid
phase;

(b) separating the product effluent into (i) a first stream that
is rich in residual benzene in the vapor phase as compared to
the product effluent; and (ii) a second stream that is rich in
cyclohexylbenzene in the liquid phase as compared to the
product effluent;

(c) cooling at least a portion of the first stream to condense
at least a portion of the residual benzene in the vapor phase to
the liquid phase and produce a condensate stream; and

(d) recycling at least a portion of the condensate stream to
the first reaction zone.

Conveniently, the first stream further comprises cyclohex-
ane and, after removal of the condensate stream in the cooling
step (c), at least a portion of the remaining first stream is
contacted with a dehydrogenation catalyst under dehydroge-
nation conditions effective to convert cyclohexane to ben-
zene.

In one embodiment, the condensate stream contains less
than 0.5 wt % of cyclohexylbenzene, based upon the total
weight of the condensate stream.

In a further aspect, the invention relates to a process for
producing cyclohexylbenzene comprising:

(a) contacting hydrogen and benzene in a first reaction zone
under conditions effective to produce a first product effluent
comprising cyclohexylbenzene and residual benzene,
wherein at least a portion of the residual benzene is in the
vapor phase;
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(b) separating the first product effluent into (i) a first stream
that is rich in residual benzene in the vapor phase as compared
to the first product effluent; and (ii) a second stream that
comprises residual benzene and is rich in cyclohexylbenzene
in the liquid phase as compared to the first product effluent;

(c) contacting the second stream with hydrogen in a second
reaction zone under conditions effective to convert at least a
portion of the residual benzene to cyclohexylbenzene and
produce a second product effluent comprising cyclohexyl-
benzene and further residual benzene, wherein at least a por-
tion of the further residual benzene is in the vapor phase;

(d) separating the second product effluent into a third
stream that is rich in further residual benzene in the vapor
phase as compared to the second product effluent, and a fourth
stream that is rich in cyclohexylbenzene in the liquid phase as
compared to the second product effluent;

(e) cooling at least a portion of the first stream and the third
stream to condense at least a portion of the residual benzene
and further residual benzene and produce a condensate
stream; and

(f) recycling at least a portion of the condensate stream to
at least one of the first reaction zone and the second reaction
zone.

In yet a further aspect, the invention relates to a process for
producing phenol comprising:

(a) contacting benzene and hydrogen in a first reaction zone
under conditions effective to produce a product effluent com-
prising cyclohexylbenzene and residual benzene, wherein at
least a portion of the residual benzene is in the vapor phase;

(b) separating the product effluent into (i) a first stream that
is rich in residual benzene in the vapor phase as compared to
the product effluent; and (ii) a second stream that is rich in
cyclohexylbenzene in the liquid phase as compared to the
product eftluent;

(c) cooling at least a portion of the first stream to condense
at least a portion of the residual benzene and produce a con-
densate stream that is rich in residual benzene;

(d) recycling at least a portion of the condensate stream to
the first reaction zone;

(e) oxidizing at least a portion of the second stream under
conditions sufficient to form at least some cyclohexylbenzene
hydroperoxide; and

(f) cleaving at least a portion of the cyclohexylbenzene
hydroperoxide to form phenol and cyclohexanone.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1is a schematic diagram ofa conventional process for
producing cyclohexylbenzene according to a first example of
the invention.

FIG. 2 is a schematic diagram of a process for producing
cyclohexylbenzene according to a first example of the inven-
tion.

FIG. 3 is a schematic diagram of a process for producing
cyclohexylbenzene according to a second example of the
invention.

FIG. 4 is a schematic diagram of a process for producing
cyclohexylbenzene according to a third example of the inven-
tion.

FIG. 5 is a schematic diagram of a process for producing
cyclohexylbenzene according to a fourth example of the
invention.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

Described herein is a process of producing cyclohexylben-
zene by the hydroalkylation of benzene and more particularly
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to an integrated process for producing phenol and cyclohex-
anone in which benzene is first hydroalkylated to produce
cyclohexylbenzene, then the cyclohexylbenzene is oxidized
to cyclohexylbenzene hydroperoxide and the cyclohexylben-
zene hydroperoxide is subsequently cleaved to the desired
phenol and cyclohexanone.

In the present process, the hydroalkylation is conducted
under conditions such that the product effluent is a mixed
phase stream containing cyclohexylbenzene and benzene in
which the cyclohexylbenzene is largely in the liquid phase but
at least a portion of the benzene is in the vapor phase. The
product effluent is then separated, for example, in a flash
drum, into a vapor phase stream containing benzene, and a
liquid phase stream containing cyclohexylbenzene. The lig-
uid phase stream is removed for recovery of the cyclohexyl-
benzene product, while the vapor phase stream is cooled to
condense at least a portion of the benzene from the vapor
phase stream and produce a benzene-rich condensate stream.
The condensate stream is then recycled back to the
hydroalkylation reactor. This condensed liquid recycle, along
with the cooling effect due to the partial vaporization of the
benzene in the reactor, helps to control the reaction exotherm
while restricting the amount of cyclohexylbenzene fed back
to the reactor to extremely small amounts, thereby minimiz-
ing unwanted conversion of cyclohexylbenzene to dicyclo-
hexylbenzene.

Production of Cyclohexylbenzene

In the present process, cyclohexylbenzene is produced by
hydroalkylation of benzene, which involves the partial hydro-
genation of one benzene molecule to cyclohexene, followed
by the alkylation of another benzene molecule with the cyclo-
hexene. With the proper bifunctional catalyst, the first step
occurs on the metal function and the second step on the acid
function. The reactions may be summarized as follows:

2H, Bz
—_—
Metal Metal

The alkylation reaction is fast, relative to hydrogenation, so
the intermediate cyclohexene concentration is minimal.

However, some of the benzene hydrogenates completely to
cyclohexane:

In addition, some of the intermediate cyclohexene will
alkylate a cyclohexylbenzene (CHB) molecule, rather than a
benzene molecule, to form dicyclohexylbenzene:

2H, cHB
—
Metal Metal
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-continued

The proportion of cyclohexene that alkylates benzene ver-
sus cyclohexylbenzene is roughly proportional to the concen-
trations of benzene versus cyclohexylbenzene in the liquid
phase surrounding the catalyst. Thus, as will be described in
detail below, the present process seeks to minimize the con-
centration of cyclohexylbenzene in the liquid phase in the
hydroalkylation reactor.

Any commercially available benzene feed can be used in
the hydroalkylation step, but preferably the benzene has a
purity level of at least 99 wt %. Similarly, although the source
of hydrogen is not critical, it is generally desirable that the
hydrogen is at least 99 wt % pure.

Conveniently, the total feed to the hydroalkylation step
contains less than 1000 ppm, such as less than 500 ppm, for
example less than 100 ppm, water. In addition, the total feed
typically contains less than 100 ppm, such as less than 30
ppm, for example less than 3 ppm, sulfur and less than 10
ppm, such as less than 1 ppm, for example less than 0.1 ppm,
nitrogen.

Hydrogen can be supplied to the hydroalkylation step over
a wide range of values, but typically is arranged such that the
molar ratio of hydrogen to benzene in the hydroalkylation
feed is between about 0.01:1 to about 20:1, for example
between about 0.15:1 and about 15:1, such as between about
0.4:1 and about 4:1, for example between about 0.4:1 and
about 0.9:1. In various embodiments, the hydroalkylation
reaction is conducted in the presence of a stoichiometric
excess of hydrogen.

In addition to the benzene and hydrogen, a diluent, which
is substantially inert under hydroalkylation conditions, may
be supplied to the hydroalkylation reaction. Typically the
diluent is a hydrocarbon, in which the desired cycloalkylaro-
matic product, in this case cyclohexylbenzene, is soluble,
such as a straight chain paraffinic hydrocarbon, a branched
chain paraffinic hydrocarbon, and/or a cyclic paraftinic
hydrocarbon. Examples of suitable diluents are decane and
cyclohexane. Cyclohexane is a particularly attractive diluent
since it is an unwanted by-product of the hydroalkylation
reaction.

Although the amount of diluent is not narrowly defined,
generally the diluent is added in an amount such that the
weight ratio of the diluent to the aromatic compound is at least
1:100; for example at least 1:10, but no more than 10:1,
typically no more than 4:1.

The catalyst employed in the hydroalkylation reaction is a
bifunctional catalyst comprising a molecular sieve and a
hydrogenation metal. The molecular sieve is generally
selected from at least one of zeolite beta, mordenite, zeolite
X, zeolite Y, and a molecular sieve of the MCM-22 family.
Preferably, the molecular sieve comprises an MCM-22 fam-
ily material. The term “MCM-22 family material” (or “mate-
rial of the MCM-22 family” or “molecular sieve of the MCM-
22 family”), as used herein, includes one or more of:

molecular sieves made from a common first degree crys-

talline building block unit cell, which unit cell has the
MWW framework topology. (A unit cell is a spatial
arrangement of atoms which if tiled in three-dimen-
sional space describes the crystal structure. Such crystal
structures are discussed in the “Atlas of Zeolite Frame-
work Types”, Fifth edition, 2001, the entire content of
which is incorporated as reference;)

15

25

30

35

40

45

50

6

molecular sieves made from a common second degree
building block, being a 2-dimensional tiling of such
MWW framework topology unit cells, forming a mono-
layer of one unit cell thickness, preferably one c-unit cell
thickness;

molecular sieves made from common second degree build-

ing blocks, being layers of one or more than one unit cell
thickness, wherein the layer of more than one unit cell
thickness is made from stacking, packing, or binding at
least two monolayers of one unit cell thickness. The
stacking of such second degree building blocks can be in
aregular fashion, an irregular fashion, a random fashion,
or any combination thereof; and

molecular sieves made by any regular or random 2-dimen-

sional or 3-dimensional combination of unit cells having
the MWW framework topology.

Molecular sieves of MCM-22 family generally have an
X-ray diffraction pattern including d-spacing maxima at
12.420.25, 6.9£0.15, 3.57£0.07, and 3.42+0.07 Angstrom.
The X-ray diffraction data used to characterize the material
(b) are obtained by standard techniques using the K-alpha
doublet of copper as the incident radiation and a diffractome-
ter equipped with a scintillation counter and associated com-
puter as the collection system. Molecular sieves of MCM-22
family include MCM-22 (described in U.S. Pat. No. 4,954,
325), PSH-3 (described in U.S. Pat. No. 4,439,409), SSZ-25
(described in U.S. Pat. No. 4,826,667), ERB-1 (described in
European Patent No. 0293032), ITQ-1 (described in U.S. Pat.
No. 6,077,498), ITQ-2 (described in International Patent
Publication No. W097/17290), MCM-36 (described in U.S.
Pat. No. 5,250,277), MCM-49 (described in U.S. Pat. No.
5,236,575), MCM-56 (described in U.S. Pat. No. 5,362,697),
UZM-8 (described in U.S. Pat. No. 6,756,030), and mixtures
thereof. Preferably, the molecular sieve is selected from (a)
MCM-49; (b) MCM-56; and (c) isotypes of MCM-49 and
MCM-56, such as ITQ-2.

Any known hydrogenation metal can be employed in the
hydroalkylation catalyst, although suitable metals include
palladium, ruthenium, nickel, zinc, tin, and cobalt, with pal-
ladium being particularly advantageous. Generally, the
amount of hydrogenation metal present in the catalyst is
between about 0.05 wt % and about 10 wt %, such as between
about 0.1 wt % and about 5 wt %, of the catalyst. In one
embodiment, where the MCM-22 family molecular sieve is
an aluminosilicate, the amount of hydrogenation metal
present is such that the molar ratio of the aluminum in the
molecular sieve to the hydrogenation metal is from about 1.5
to about 1500, for example from about 75 to about 750, such
as from about 100 to about 300.

The hydrogenation metal may be directly supported on the
MCM-22 family molecular sieve by, for example, impregna-
tion or ion exchange. However, in a more preferred embodi-
ment, at least 50 wt %, for example at least 75 wt %, and
generally substantially all of the hydrogenation metal is sup-
ported on an inorganic oxide separate from, but composited
with, the molecular sieve. In particular, it is found that by
supporting the hydrogenation metal on the inorganic oxide,
the activity of the catalyst and its selectivity to cyclohexyl-
benzene and dicyclohexylbenzene are increased as compared
with an equivalent catalyst in which the hydrogenation metal
is supported on the molecular sieve.

The inorganic oxide employed in such a composite
hydroalkylation catalyst is not narrowly defined provided it is
stable and inert under the conditions of the hydroalkylation
reaction. Suitable inorganic oxides include oxides of Groups
2, 4, 13, and 14 of the Periodic Table of Elements, such as
alumina, titania, and/or zirconia. As used herein, the number-
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ing scheme for the Periodic Table Groups is used as in Rich-
ard J. Lewis Sr., Hawrey’s CoNDENSED CHEMICAL DICTIONARY
(14th ed., John Wiley & Sons, Inc. 2001).

The hydrogenation metal is deposited on the inorganic
oxide, conveniently by impregnation, before the metal-con-
taining inorganic oxide is composited with said molecular
sieve. Typically, the catalyst composite is produced by co-
pelletization, in which a mixture of the molecular sieve and
the metal-containing inorganic oxide are formed into pellets
at high pressure (generally about 350 kPa to about 350,000
kPa), or by co-extrusion, in which a slurry of the molecular
sieve and the metal-containing inorganic oxide, optionally
together with a separate binder, are forced through a die. If
necessary, additional hydrogenation metal can subsequently
be deposited on the resultant catalyst composite.

Suitable binder materials include synthetic or naturally
occurring substances as well as inorganic materials, such as
clay, silica, and/or metal oxides. The latter may be either
naturally occurring or in the form of gelatinous precipitates or
gels including mixtures of silica and metal oxides. Naturally
occurring clays which can be used as a binder include those of
the montmorillonite and kaolin families, which families
include the subbentonites and the kaolins commonly known
as Dixie, McNamee, Georgia, and Florida clays or others in
which the main mineral constituent is halloysite, kaolinite,
dickite, nacrite, or anauxite. Such clays can be used in the raw
state as originally mined or initially subjected to calcination,
acid treatment, or chemical modification. Suitable metal
oxide binders include silica, alumina, zirconia, titania, silica-
alumina, silica-magnesia, silica-zirconia, silica-thoria, silica-
beryllia, silica-titania, as well as ternary compositions, such
as silica-alumina-thoria, silica-alumina-zirconia, silica-alu-
mina-magnesia, and silica-magnesia-zirconia.

The hydroalkylation reaction can be conducted in a wide
range of reactor configurations including fixed bed, slurry
reactors, and/or catalytic distillation towers. In addition, the
hydroalkylation reaction can be conducted in a single reac-
tion zone or in a plurality of reaction zones (e.g., in 1-10
reaction zones, or 2-7 reaction zones, or 2-5 reaction zones, or
3 reaction zones), in which at least the hydrogen is introduced
to the reaction in stages. Suitable reaction temperatures are
between about 100° C. and about 400° C., such as between
about 125° C. and about 250° C., while suitable reaction
pressures are between about 100 kPa and about 7,000 kPa,
such as between about 500 kPa and about 5,000 kPa.

In the present process, the molar ratio of hydrogen to
benzene in the feed to the hydroalkylation reactor are con-
trolled so that, although the hydroalkylation reaction occurs
in the liquid phase, at least part of the benzene in the reactor
is in the vapor phase. As a result, the product effluent leaving
the reactor is a mixed phase composition, in which most of
cyclohexylbenzene product is in the liquid phase and at least
5wt %, such as at least 10 wt %, for example at least 25 wt %,
even at least 50 wt %, of the benzene is in the vapor phase
based upon the total weight of the product effluent. Any
cyclohexane by-product will be mainly in the vapor phase,
while any dicyclohexylbenzene will be mainly in the liquid
phase.

After leaving the reactor, the product effluent is fed to a
separator, such as a flash drum, to separate the effluent into (i)
a first stream that is rich in benzene the vapor phase (also
referred to as “residual benzene,” which means benzene
remaining in the product effluent from the feed stream after
the hydroalkylation reaction occurs) as compared to the prod-
uct effluent (i.e., the first stream contains a higher wt % of
benzene in the vapor phase based upon total weight of the first
stream compared to the wt % of benzene in the vapor phase in
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the product effluent based upon the weight of the product
effluent); and (ii) a second stream that is rich in cyclohexyl-
benzene in the liquid phase as compared to the product efflu-
ent (i.e., the second stream contains a higher wt % of cyclo-
hexylbenzene in the liquid phase based upon total weight of
the second stream compared to the wt % of cyclohexylben-
zene in the liquid phase in the product effluent based upon the
weight of the product effluent).

In various embodiments, the first stream contains greater
than 50 wt % of residual benzene in the vapor phase, or
greater than 70 wt %, or greater than 90 wt %, or greater than
95 wt %, or greater than 99 wt % of benzene in the vapor
phase, the wt % based upon the total weight of the first stream.
In various embodiments, the second stream contains greater
than 50 wt % of cyclohexylbenzene in the liquid phase, or
greater than 70 wt %, or greater than 90 wt %, or greater than
95 wt %, or greater than 99 wt % of cyclohexylbenzene in the
liquid phase, based upon the total weight of the second
stream.

In various embodiments, the first stream contains hydro-
gen, benzene, and cyclohexane together with small quantities
of other reaction products such as cyclohexylbenzene, dicy-
clohexylbenzene, and bicyclohexane. The first stream may
contain, for example, less than 5 wt % of other reaction
products alone or in combination, or less than 1 wt %, or less
than 0.1 wt %, or less than 0.01 wt % of other reaction
products alone or in combination based upon the total weight
of'the first stream. The second stream may contain cyclohexy-
Ibenzene and benzene, together with most of the heavier
by-products, such as dicyclohexylbenzene and bicyclohex-
ane, together with small quantities of hydrogen and cyclo-
hexane.

The first stream produced in the separator is then cooled to
condense at least a portion of the benzene from the first stream
and thereby produce a condensate stream that is rich in ben-
zene relative to the first stream (i.e., the condensate stream
contains a higher wt % of benzene based upon total weight of
the condensate stream compared to the wt % of benzene in the
first stream based upon the weight of the first stream) and
contains less than 10 wt %, such as less than 5 wt %, for
example less than 0.5 wt % of cyclohexylbenzene. Conve-
niently, the first stream is cooled by at least 10° C., such as to
atemperature of 150° C. or less, for example, to a temperature
of 130° C. or less. The condensate stream is then recycled
back to the hydroalkylation reactor in an amount depending
on the operating conditions but generally between about 0.1
to about 50 times the feed rate of fresh make-up benzene to the
reactor. The remainder of the first stream left after removal of
the benzene-rich condensate is composed mainly of hydrogen
and can be recycled back to the hydroalkylation reactor, with
or without purification, or used as a hydrogen feed for a
different process.

The second stream produced in the separator is composed
mainly of cyclohexylbenzene and benzene (i.e., >50 wt %
combined by weight of the second stream) and is normally fed
to a separation system comprising one or more distillation
units for recovery of the cyclohexylbenzene product. In addi-
tion, depending on the amount of benzene in the second
stream, at least a portion of the second stream (normally after
recovery of the cyclohexylbenzene product) can be fed to a
second hydroalkylation reaction zone where the benzene is
contacted with hydrogen under hydroalkylation conditions to
produce a further product effluent comprising cyclohexylben-
zene and benzene (also referred to as “further residual ben-
zene,” which means benzene remaining in the further product
effluent from the second stream after a second hydroalkyla-
tion reaction occurs), wherein at least a portion of the benzene
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is in the vapor phase. This further product effluent may be
then separated into a third stream containing benzene prima-
rily in the vapor phase, and a fourth stream containing cyclo-
hexylbenzene primarily in the vapor phase. At least a portion
of the third stream is then cooled to condense out a further
condensate stream rich in benzene and at least a portion of the
further condensate stream is recycled to the first and/or sec-
ond reaction zone.

In various embodiments, the product effluent contains
dicyclohexylbenzene, and the second stream is rich in dicy-
clohexylbenzene relative to the product effluent (i.e., the sec-
ond stream contains a higher wt % of dicyclohexylbenzene
based upon total weight of the second stream compared to the
wt % of dicyclohexylbenzene in the condensate stream based
upon the weight of the condensate stream).

Although the present process seeks to maximize the
amount of cyclohexylbenzene and minimize the amount of
dicyclohexylbenzene, the effluent from the hydroalkylation
reaction will inevitably contain some dicyclohexylbenzene
by-product. Depending on the amount of this dicyclohexyl-
benzene, it may be desirable to either (a) transalkylate the
dicyclohexylbenzene with additional benzene or (b) dealky-
late the dicyclohexylbenzene to maximize the production of
the desired monoalkylated species.

Transalkylation with additional benzene is typically
effected in a transalkylation reactor, separate from the
hydroalkylation reactor, over a suitable transalkylation cata-
lyst, such as a molecular sieve of the MCM-22 family, zeolite
beta, MCM-68 (see U.S. Pat. No. 6,014,018), zeolite Y, and
mordenite. The transalkylation reaction is typically con-
ducted under at least partial liquid phase conditions, which
suitably include a temperature of about 100° C. to about 300°
C., a pressure of about 800 kPa to about 3500 kPa, a weight
hourly space velocity of about 1 hr™! to about 10 hr™* on total
feed, and a benzene/dicyclohexylbenzene weight ratio about
of 1:1 to about 5:1.

Dealkylation or cracking is also typically effected in a
reactor separate from the hydroalkylation reactor, such as a
reactive distillation unit, at a temperature of about 150° C. to
about 500° C. and a pressure of 15 psig to 500 psig (200 kPa
to 3550 kPa) over an acid catalyst, such as an aluminosilicate,
an aluminophosphate, a silicoaluminphosphate, amorphous
silica-alumina, an acidic clay, a mixed metal oxide, such as
WO,/ZrO,, phosphoric acid, sulfated zirconia, and mixtures
thereof. Generally, the acid catalyst includes at least one
aluminosilicate, aluminophosphate, or silicoaluminphos-
phate of the FAU, AEL, AFI, and MWW {family. Unlike
transalkylation, dealkylation can be conducted in the absence
of added benzene, although it may be desirable to add ben-
zene to the dealkylation reaction to reduce coke formation. In
this case, the weight ratio of benzene to poly-alkylated aro-
matic compounds in the feed to the dealkylation reaction is
typically from 0 to about 0.9, such as from about 0.01 to about
0.5. Similarly, although the dealkylation reaction can be con-
ducted in the absence of added hydrogen, hydrogen is gener-
ally introduced into the dealkylation reactor to assist in coke
reduction. Suitable hydrogen addition rates are such that the
molar ratio of hydrogen to poly-alkylated aromatic com-
pound in the total feed to the dealkylation reactor is from
about 0.01 to about 10.

As stated above, another significant by-product of the
hydroalkylation reaction is cyclohexane which, in the present
process, will mainly be present in the benzene-rich conden-
sate stream. Owing to the similarity in the boiling points of
benzene and cyclohexane, it is difficult to remove the cyclo-
hexane from the condensate stream by simple distillation.
Depending on the amount of the cyclohexane in the conden-
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sate stream, it may be desirable to recycle the cyclohexane
with the benzene in the condensate stream to the hydroalky-
lation reactor to provide some or all of the diluent mentioned
above.

In some cases, it may be desirable to supply at least some of
the condensate stream to a dehydrogenation reaction zone,
where the condensate stream is contacted with a dehydroge-
nation catalyst under dehydrogenation conditions sufficient
to convert at least part of the cyclohexane in the condensate
stream to benzene, which again can be recycled to the
hydroalkylation reaction. The dehydrogenation catalyst gen-
erally comprises (a) a support; (b) a hydrogenation-dehydro-
genation component; and (¢) an inorganic promoter. Conve-
niently, the support (a) is selected from the group consisting
of silica, a silicate, an aluminosilicate, zirconia, and carbon
nanotubes, and preferably comprises silica. Suitable hydro-
genation-dehydrogenation components (b) comprise at least
one metal selected from Groups 6 to 10 of the Periodic Table
of Elements, such as platinum, palladium, and compounds
and mixtures thereof. Typically, the hydrogenation-dehydro-
genation component is present in an amount between about
0.1 wt % and about 10 wt % of the catalyst. A suitable
inorganic promoter (¢) comprises at least one metal or com-
pound thereof selected from Group 1 of the Periodic Table of
Elements, such as a potassium compound. Typically, the pro-
moter is present in an amount between about 0.1 wt % and
about 5 wt % of the catalyst. Suitable dehydrogenation con-
ditions include a temperature of about 250° C. to about 550°
C., a pressure of about atmospheric to about 500 psig (100
kPa to 3550 kPa), a weight hourly space velocity of about 0.2
hr! to 50 hr™!, and a hydrogen to hydrocarbon feed molar
ratio of about 0 to about 20.

Other disadvantageous impurities of the hydroalkylation
reaction are bicyclohexyl (BCH) and the methylcyclopentyl-
benzene (MCPB) isomers which, because of the similarity in
their boiling points, are difficult to separate from the desired
cyclohexylbenzene by distillation. Moreover, although 1,2-
methylcyclopentylbenzene (2-MCPB), and 1,3-methylcyclo-
pentylbenzene (3-MCPB) are readily converted in the subse-
quent oxidation/cleavage steps to the phenol and
methylcyclopentanones, which are valuable products, 1,1-
methylcyclopentylbenzene (1-MCPB) is substantially inert
to the oxidation step and so, if not removed, will build up in
the C,, stream. Similarly, bicyclohexyl (BCH) can lead to
separation problems downstream. Thus, at least part of the
hydroalkylation reaction product may be treated with a cata-
lyst under conditions to remove at least 1,1-methylcyclopen-
tylbenzene and/or bicyclohexyl from the product. The cata-
lyst is generally an acid catalyst, such as an aluminosilicate
zeolite, and especially faujasite and the treatment is con-
ducted at a temperature of about 100° C. to about 350° C.,
such as about 130° C. to about 250° C., for a time of about 0.1
to about 3 hours, such as about 0.1 to about 1 hours. The
catalytic treatment is believed to isomerize the 1,1-methylcy-
clopentylbenzene to the more readily oxidizable 1,2-methyl-
cyclopentylbenzene (2-MCPB), and 1,3-methylcyclopentyl-
benzene (3-MCPB). The bicyclohexyl is believed to react
with benzene present in the hydroalkylation reaction product
to produce cyclohexane and more of the desired cyclohexyl-
benzene according to the following reaction:

OO0 O-
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-continued

The catalytic treatment can be conducted on the direct
product of the hydroalkylation reaction or after distillation of
the hydroalkylation reaction product to separate the C and/or
the heavies fraction.

The cyclohexylbenzene product from the hydroalkylation
reaction and any downstream reaction to remove the impuri-
ties discussed above is separated from the reaction effluent(s)
and is fed to the oxidation reaction described in more detail
below.

Cyclohexylbenzene Oxidation

In order to convert the cyclohexylbenzene into phenol and
cyclohexanone, the cyclohexylbenzene is initially oxidized to
the corresponding hydroperoxide. This is accomplished by
contacting the cyclohexylbenzene with an oxygen-containing
gas, such as air and various derivatives of air. For example, it
is possible to use air that has been compressed and filtered to
removed particulates, air that has been compressed and
cooled to condense and remove water, or air that has been
enriched in oxygen above the natural approximately 21 mol
% in air through membrane enrichment of air, cryogenic
separation of air, or other conventional means.

The oxidation is conducted in the presence of a catalyst.
Suitable oxidation catalysts include N-hydroxy substituted
cyclic imides described in U.S. Pat. No. 6,720,462, which is
incorporated herein by reference for this purpose. For
example, N-hydroxyphthalimide (NHPI), 4-amino-N-hy-
droxyphthalimide, 3-amino-N-hydroxyphthalimide, tetra-
bromo-N-hydroxyphthalimide, tetrachloro-N-hydroxyph-
thalimide, = N-hydroxyhetimide, = N-hydroxyhimimide,
N-hydroxytrimellitimide, N-hydroxybenzene-1,2,4-tricar-
boximide, N,N'-dihydroxy(pyromellitic diimide), N,N'-dihy-
droxy(benzophenone-3,3',4,4'-tetracarboxylic diimide),
N-hydroxymaleimide, pyridine-2,3-dicarboximide, N-hy-
droxysuccinimide, N-hydroxy(tartaric imide), N-hydroxy-5-
norbornene-2,3-dicarboximide, exo-N-hydroxy-7-oxabicy-
clo[2.2.1]hept-5-ene-2,3-dicarboximide, =~ N-hydroxy-cis-
cyclohexane-1,2-dicarboximide, N-hydroxy-cis-4-
cyclohexene-1,2 dicarboximide, N-hydroxynaphthalimide
sodium salt, or N-hydroxy-o-benzenedisulphonimide may be
used. Preferably, the catalyst is N-hydroxyphthalimide.
Another suitable catalyst is N,N',N"-thihydroxyisocyanuric
acid.

These oxidation catalysts can be used either alone or in
conjunction with a free radical initiator, and further can be
used as liquid-phase, homogeneous catalysts or can be sup-
ported on a solid carrier to provide a heterogeneous catalyst.
Typically, the N-hydroxy substituted cyclic imide or the N,N',
N"-trihydroxyisocyanuric acid is employed in an amount
between 0.0001 wt % to 15 wt %, such as between 0.001 wt
% to 5 wt %, of the cyclohexylbenzene.

Suitable conditions for the oxidation step include a tem-
perature between about 70° C. and about 200° C., such as
about 90° C. to about 130° C., and a pressure of about 50 kPa
to about 10,000 kPa. A basic buffering agent may be added to
react with acidic by-products that may form during the oxi-
dation. In addition, an aqueous phase may be introduced. The
reaction can take place in a batch or continuous flow fashion.

The reactor used for the oxidation reaction may be any type
of reactor that allows for introduction of oxygen to cyclo-
hexylbenzene, and may further efficaciously provide contact-
ing of oxygen and cyclohexylbenzene to effect the oxidation
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reaction. For example, the oxidation reactor may comprise a
simple, largely open vessel with a distributor inlet for the
oxygen-containing stream. In various embodiments, the oxi-
dation reactor may have means to withdraw and pump a
portion of its contents through a suitable cooling device and
return the cooled portion to the reactor, thereby managing the
exothermicity of the oxidation reaction. Alternatively, cool-
ing coils providing indirect cooling, say by cooling water,
may be operated within the oxidation reactor to remove the
generated heat. In other embodiments, the oxidation reactor
may comprise a plurality of reactors in series, each conduct-
ing a portion of the oxidation reaction, optionally operating at
different conditions selected to enhance the oxidation reac-
tion at the pertinent conversion range of cyclohexylbenzene
or oxygen, or both, in each. The oxidation reactor may be
operated in a batch, semi-batch, or continuous flow manner.

Typically, the product of the cyclohexylbenzene oxidation
reaction contains at least 5 wt %, such as at least 10 wt %, for
example at least 15 wt %, or at least 20 wt % cyclohexyl-1-
phenyl-1-hydroperoxide based upon the total weight of the
oxidation reaction effluent. Generally, the oxidation reaction
effluent contains no greater than 80 wt %, or no greater than
60 wt %, or no greater than 40 wt %, or no greater than 30 wt
%, or no greater than 25 wt % of cyclohexyl-1-phenyl-1-
hydroperoxide based upon the total weight of the oxidation
reaction effluent. The oxidation reaction effluent may further
comprise imide catalyst and unreacted cyclohexylbenzene.
For example, the oxidation reaction effluent may include
unreacted cyclohexylbenzene in an amount of at least 50 wt
%, or at least 60 wt %, or at least 65 wt %, or at least 70 wt %,
or at least 80 wt %, or at least 90 wt %, based upon total weight
of the oxidation reaction effluent.

At least a portion of the oxidation reaction effluent may be
subjected to a cleavage reaction, with or without undergoing
any prior separation or treatment. For example, all or a frac-
tion of the oxidation reaction effluent may be subjected to
high vacuum distillation to generate a product enriched in
unreacted cyclohexylbenzene and leave a residue which is
concentrated in the desired cyclohexyl-1-phenyl-1-hydroper-
oxide and which is subjected to the cleavage reaction. In
general, however, such concentration of the cyclohexyl-1-
phenyl-1-hydroperoxide is neither necessary nor preferred.
Additionally or alternatively, all or a fraction of the oxidation
effluent, or all or a fraction of the vacuum distillation residue
may be cooled to cause crystallization of the unreacted imide
oxidation catalyst, which can then be separated either by
filtration or by scraping from a heat exchanger surface used to
effect the crystallization. At least a portion of the resultant
oxidation composition reduced or free from imide oxidation
catalyst may be subjected to the cleavage reaction.

As another example, all or a fraction of the oxidation efflu-
ent may be subjected to water washing and then passage
through an adsorbent, such as a 3 A molecular sieve, to
separate water and other adsorbable compounds, and provide
an oxidation composition with reduced water or imide con-
tent that may be subjected to the cleavage reaction. Similarly,
all or a fraction of the oxidation effluent may undergo a
chemically or physically based adsorption, such as passage
over a bed of sodium carbonate to remove the imide oxidation
catalyst (e.g., NHPI) or other adsorbable components, and
provide an oxidation composition reduced in oxidation cata-
lyst or other adsorbable component content that may be sub-
jected to the cleavage reaction. Another possible separation
involves contacting all or a fraction of the oxidation effluent
with a liquid containing a base, such as an aqueous solution of
an alkali metal carbonate or hydrogen carbonate, to form an
aqueous phase comprising a salt of the imide oxidation cata-
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lyst, and an organic phase reduced in imide oxidation catalyst.
An example of separation by basic material treatment is dis-
closed in International Publication No. WO 2009/025939.
Hydroperoxide Cleavage

The final reactive step in the conversion of the cyclohexy-
Ibenzene into phenol and cyclohexanone involves the acid-
catalyzed cleavage of the cyclohexyl-1-phenyl-1-hydroper-
oxide produced in the oxidation step.

Generally, the acid catalyst used in the cleavage reaction is
at least partially soluble in the cleavage reaction mixture, is
stable at a temperature of at least 185° C., and has a lower
volatility (higher normal boiling point) than cyclohexylben-
zene. Typically, the acid catalyst is also at least partially
soluble in the cleavage reaction product. Suitable acid cata-
lysts include, but are not limited to, Brensted acids, Lewis
acids, sulfonic acids, perchloric acid, phosphoric acid, hydro-
chloric acid, p-toluene sulfonic acid, aluminum chloride,
oleum, sulfur trioxide, ferric chloride, boron trifluoride, sul-
fur dioxide, and sulfur trioxide. Sulfuric acid is a preferred
acid catalyst.

In various embodiments, the cleavage reaction mixture
contains at least 50 weight-parts-per-million (wppm) to 5000
wppm of the acid catalyst, or at least 100 wppm to 3000
wppm, or at least 150 wppm to 2000 wppm of the acid
catalyst, or at least 300 wppm to 1500 wppm of the acid
catalyst, based upon total weight of the cleavage reaction
mixture.

In other embodiments, a heterogeneous acid catalyst is
employed for the cleavage reaction, such as molecular sieve,
and in particular a molecular sieve having a pore size in

excess of 7 A. . Examples of suitable molecular sieves include
zeolite beta, zeolite Y, zeolite X, ZSM-12, and mordenite. In
one embodiment, the molecular sieve comprises a FAU type
zeolite having a unit cell size less than 24.35 A, such as less
than or equal to 24.30 A, even less than or equal to 24.25 A.
The zeolite can be used in unbound form or can be combined
with a binder, such as silica or alumina, such that the overall
catalyst (zeolite plus binder) comprises from about 20 wt % to
about 80 wt % of the zeolite.

The cleavage reaction mixture may contain a polar solvent,
such as an alcohol containing less than 6 carbons, such as
methanol, ethanol, iso-propanol, and/or ethylene glycol; a
nitrile, such as acetonitrile and/or propionitrile;
nitromethane; and a ketone containing 6 carbons or less such
as acetone, methylethyl ketone, 2- or 3-pentanone, cyclohex-
anone, and methylcyclopentanone. The preferred polar sol-
vent is phenol and/or cyclohexanone recycled from the cleav-
age product after cooling. Generally, the polar solvent is
added to the cleavage reaction mixture such that the weight
ratio of the polar solvent to the cyclohexylbenzene hydroper-
oxide in the mixture is in the range of about 1:100 to about
100:1, such as about 1:20 to about 10:1, and the mixture
comprises about 10 wt % to about 40 wt % of the cyclohexy-
Ibenzene hydroperoxide. The addition of the polar solvent is
found not only to increase the degree of conversion of the
cyclohexylbenzene hydroperoxide in the cleavage reaction
but also to increase the selectivity of the conversion to phenol
and cyclohexanone. Although the mechanism is not fully
understood, it is believed that the polar solvent reduces the
free radical inducted conversion of the cyclohexylbenzene
hydroperoxide to undesired products such as hexanophenone
and phenylcyclohexanol.

In various embodiments, the cleavage reaction mixture
includes cyclohexylbenzene in an amount of at least S0 wt %,
or at least 60 wt %, or at least 65 wt %, or at least 70 wt %, or
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at least 80 wt %, or at least 90 wt %, based upon total weight
of the cleavage reaction mixture.

Generally, the cleavage reaction is conducted under con-
ditions including a temperature of about 20° C. to about 200°
C., such as about 40° C. to about 120° C. and a pressure of
about 100 kPa to about 2000 kPa, such as about 100 kPa to
about 1000 kPa, such that the cleavage reaction mixture is
completely or predominantly in the liquid phase during the
cleavage reaction.

The reactor used to effect the cleavage reaction may be any
type of reactor known to those skilled in the art. For example,
the cleavage reactor may be a simple, largely open vessel
operating in a near-continuous stirred tank reactor mode, or a
simple, open length of pipe operating in a near-plug flow
reactor mode. In other embodiments, the cleavage reactor
comprises a plurality of reactors in series, each performing a
portion of the conversion reaction, optionally operating in
different modes and at different conditions selected to
enhance the cleavage reaction at the pertinent conversion
range. In one embodiment, the cleavage reactor is a catalytic
distillation unit.

Invarious embodiments, the cleavage reactor is operable to
transport a portion of the contents through a cooling device
and return the cooled portion to the cleavage reactor, thereby
managing the exothermicity of the cleavage reaction. Alter-
natively, the reactor may be operated adiabatically. In one
embodiment, cooling coils operating within the cleavage
reactor(s) remove any heat generated.

The major products of the cleavage reaction of cyclohexyl-
1-phenyl-1-hydroperoxide are phenol and cyclohexanone,
which are present in substantially equimolar proportions and
can be recovered from the cleavage effluent by any known
method.

The invention will now be more particularly described with
reference to the accompanying drawings and the following
Examples.

Referring to FIG. 1, a conventional hydroalkylation reactor
system is shown. Stream 1 contains hydrogen and stream 2
contains benzene. The ratio of molar flow rates ofhydrogen in
stream 1 and benzene in stream 2 can vary from 0.1 to 100.
Stream 28 contains benzene and reaction products such as
cyclohexane, cyclohexylbenzene, dicyclohexylbenzene and
bicyclohexane. Streams 1, 2 and 28 are supplied to reactor 5
and can be heated to the desired reaction temperature indi-
vidually or after combining using heater 3.

The hydroalkylation reactor 5 may be a packed bed reactor
loaded with a suitable catalyst and operates at temperatures of
about 50° C. to 350° C. and pressures of about 100 kPa to
7000 kPa. The catalyst employed in the hydroalkylation reac-
tion is a bifunctional catalyst comprising a molecular sieve
with an acid function and a hydrogenation metal. Suitable
molecular sieves include zeolite beta, zeolite X, zeolite Y, and
molecular sieves of the MCM-22 family.

As disclosed in U.S. Patent Pub. No. 2011/0037022, when
benzene and hydrogen are contacted with the above-men-
tioned catalysts under hydroalkylation conditions, an effluent
stream 6 in liquid phase (containing benzene, cyclohexylben-
zene, cyclohexane, dicyclohexylbenzene, bicyclohexane) is
obtained, with small quantities of dissolved hydrogen. Under
conditions in which the hydrogen is not completely con-
sumed, the effluent stream 6 also has a vapor phase compo-
nent comprising mainly of hydrogen, benzene, cyclohexane
and small amounts of less volatile cyclohexylbenzene, dicy-
clohexylbenzene and bicyclohexane. The temperature of
stream 6 is typically 1-100° C. higher than the feed tempera-
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ture. It can be desirable to minimize this temperature rise, so
that the reaction occurs under conditions approaching iso-
thermal.

The vapor phase can be separated from the liquid phase by
means of a flash vessel 7 which operates at the temperature
and pressure of stream 6, resulting in a liquid stream 8 and a
vapor stream 9. Stream 8 contains benzene, cyclohexylben-
zene, cyclohexane, dicyclohexylbenzene and bicyclohexane
and is the product stream from the process. Stream 9 contains
mainly hydrogen, benzene, cyclohexane and small amounts
of'less volatile cyclohexylbenzene, dicyclohexylbenzene and
bicyclohexane and is at the temperature of the flash vessel 7.

In the conventional scheme, stream 8 would be split into
stream 10, which is the product from the process and stream
27 which is to be recycled to the reactor. Streams 10 and 27
have the same composition as stream 8. Stream 27 can further
be cooled to lower temperatures using heat exchanger 12. The
resultant stream 28 is recycled to the reactor 5.

Example 1

A conventional embodiment according to FIG. 1 was simu-
lated with a hydrogen to benzene feed molar ratio of 1:1.5.
The results are provided in Table 1.

Referring to an embodiment of the invention illustrated in
FIG. 2, hydrogen (e.g., fresh hydrogen) and benzene (e.g.,
fresh benzene) are supplied by lines 11 and 12 and are com-
bined in line 13 before being fed to a heater 14 where the
temperature of the reagents is increased to the desired reac-
tion temperature. The heated feed is then fed by line 15 to a
reactor 16 which contains hydroalkylation catalyst 17 and
which is operated under conditions to vaporize part of the
benzene feed and produce a mixed phase product effluent in
which most of cyclohexylbenzene is in the liquid phase and a
portion of the benzene is in the vapor phase. The effluent
leaves the reactor 16 through line 18 and is fed to a flash drum
19, which separates the effluent into a liquid stream and a
vapor stream.

The liquid stream is removed from the flash drum 19 by
line 21 for recovery of the cyclohexylbenzene product, while
the vapor stream is removed by line 22 and fed by way of a
heat exchanger 23 to a further flash drum 24. The heat
exchanger 23 is arranged to cool the vapor steam so that
benzene condenses out of the vapor stream and further flash
drum 24 separates the cooled vapor stream into a benzene-
rich condensate stream and a further vapor stream. The ben-
zene-rich condensate stream is removed from the further flash
drum 24 in line 25 and recycled to the reactor 16, without
passage through the heater 14, as a low temperature liquid
stream. The further vapor stream, which is composed mainly
ofhydrogen, is removed from the further flash drum 24 in line
26 for mixing with the hydrogen and benzene before the latter
are fed to the heater 14.

Example 2

The invention according to FIG. 2 was simulated with a
hydrogen to benzene feed molar ratio of 1:1. The results are
provided in Table 2.

Example 3

The invention according to FIG. 2 was simulated with a
hydrogen to benzene feed molar ratio of 1:1.5. The results are
provided in Table 3.

Referring to an embodiment of the invention illustrated in
FIG. 3, in a second example, the benzene hydroalkylation is
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conducted in a plurality of reaction zones with the hydrogen
being distributed between the zones. Benzene (e.g., fresh
benzene) is introduced to the process by line 31 and is heated
to the desired reaction temperature by heater 32. The heated
benzene is then fed by line 33, together with a first hydrogen
stream (e.g., heated hydrogen) in line 34, to the first of three
catalyst-containing reaction zones 35, 36 and 37 connected in
series in a reactor 38. It will be understood that the reaction
zones may be arranged as illustrated in FIG. 3, or may be
separate reactors. The first reaction zone 35 is maintained
under conditions to vaporize part of the benzene feed and to
convert a portion of the benzene feed to a first mixed phase
product in which most of cyclohexylbenzene is in the liquid
phase and part of the benzene is in the vapor phase.

The first liquid phase (primarily cyclohexylbenzene) prod-
uct flows out of the first reaction zone 35 and is mixed with a
second hydrogen stream (e.g., heated hydrogen) in line 39
before flowing into the second reaction zone 36. If necessary,
the temperature of the second hydrogen stream can be
adjusted to effect cooling of the first liquid phase product.
Again the second reaction zone 36 is operated under condi-
tions to maintain a portion of the benzene feed in the vapor
phase and to convert more of the benzene feed to a second
mixed phase product in which most of cyclohexylbenzene is
in the liquid phase and part of the benzene is in the vapor
phase.

The second liquid phase product flows out of the second
reaction zone 36 and is mixed with a third heated hydrogen
stream in line 41 before flowing into the third reaction zone
37. Again the temperature of the third heated hydrogen stream
can be adjusted to effect cooling of the second liquid phase
product. In addition, the third reaction zone 37 is operated
under conditions to maintain part of the benzene feed in the
vapor phase and to convert more of the benzene feed to a third
mixed phase product in which most of cyclohexylbenzene is
in the liquid phase and part of the benzene is in the vapor
phase. The third liquid phase product exits the reactor through
line 42 for recovery of the desired cyclohexylbenzene.

The first, second and third vapor phase products exit their
respective reaction zones 35, 36, and 37 through lines 43, 44,
and 45 respectively and are combined and fed by line 46 to a
heat exchanger 47. The combined vapor phase stream is
cooled by the heat exchanger 47 so that benzene condenses
from the stream. The cooled vapor stream is then passed to a
flash drum 48 which separates the cooled vapor stream into a
benzene-rich condensate stream and a further vapor stream.
The benzene-rich condensate stream is removed from the
flash drum 48 in line 49 and recycled to the line 31 for mixing
with the fresh benzene feed. The further vapor stream, which
is composed mainly of hydrogen, is removed from the flash
drum 48 in line 51 and can be recycled to any or all of the
reaction zones 35, 36, and 37.

Example 4

The invention according to FIG. 3 was simulated with a
hydrogen to benzene feed molar ratio of 1:1. The results are
provided in Table 4.

A summary of the results from Examples 1-4 is provided in
Table 5. As shown, for comparable conversions and tempera-
ture rises in the reactor, the invention allows (a) a decrease in
the hydrogen to benzene ratio; (b) a decrease in the cyclo-
hexylbenzene recycled to the reactor; and (c) a decrease in the
dicyclohexylbenzene production from the process.

Referring now to FIG. 4, another inventive example is
provided in which the benzene hydroalkylation is conducted
in a catalytic distillation unit. In this example, benzene and



US 9,108,893 B2

17

hydrogen are fed by lines 61 and 62 respectively to a catalytic
distillation tower 63 housing a catalyst bed 64 adjacent the top
of'the tower. The hydrogen is introduced adjacent the base of
the tower 63 and the benzene is introduced into the portion of
the tower 63 housing the catalyst bed 64. The benzene reacts
with the hydrogen in the catalyst bed 64 and the conditions in
the tower are such that the cyclohexylbenzene product flows
in a liquid phase product stream out of the bed and down the
tower, preventing further reaction to undesired products. The

18

the conditions in the tower are such that the cyclohexylben-
zene product flows in a liquid phase product stream out of the
bed and down the tower, preventing further reaction to undes-
ired products. The liquid phase product stream exits the tower
83 through line 86 and is split into two separate streams 87
and 88. Stream 87 is withdrawn from the process for recovery
of the cyclohexylbenzene product, while stream 88 is vapor-
ized by heat exchanger 89 and returned to the tower 83 as
vapor stream 91. The vapor stream 91 passes up through the

liquid phase product stream exits the tower through line 65. 10 separation zone 85 and as in so doing vaporizes benzene
The overhead stream from the tower 63 is composed entrained in the liquid cyclohexylbenzene product stream
mainly of hydrogen, benzene and cyclohexane and exits the flowing down through the separation zone. The vaporized
top of the tower through line 66 and is directed to a heat benzene then flows back into the catalyst bed 84 so as to be
exchanger 67. The overhead stream is cooled by the heat available for the hydroalkylation reaction.
exchanger 67 and is then fed by line 68 to a flash drum 69 15 As in the case of the third example, the overhead tower 83
which separates the cooled overhead stream into a benzene- (composed mainly of hydrogen, benzene, and cyclohexane)
rich condensate stream and a further vapor stream. The ben- exits the top of the tower through line 92 and is directed to a
zene-rich condensate stream is removed from the flash drum heat exchanger 93. The overhead is cooled by the heat
69 in line 71 and split into stream 72 which is recycled to the exchanger 93 and is then fed by line 94 to a flash drum 95,
top of the tower 63 and stream 73 which is removed from the 20 which separates the cooled overhead into a benzene-rich con-
process to maintain by-product concentrations within desired densate stream and a further vapor stream. The benzene-rich
limits (e.g., cyclohexane). The further vapor stream, which is condensate stream is removed from the flash drum 95 in line
composed mainly of hydrogen, is removed from the flash and split into stream 97 which is recycled to the top of the
drum 69 in line 74 and can be recycled to the base of the tower tower 83 and stream 98 which is removed from the process.
63. 25 The further vapor stream, which is composed mainly of
FIG. 5 illustrates a fourth example which is similar to the hydrogen, is removed from the flash drum 95 in line 99 and
example of FIG. 4 but includes an additional separation zone can be recycled to the tower 83 with the fresh hydrogen in line
and a reboiler to assist in recovery of any benzene entrained in 82.
the cyclohexylbenzene product stream. In the fourth example, While the present invention has been described and illus-
benzene is introduced via line 81 to an upper portion of 30 trated by reference to particular embodiments, those of ordi-
catalytic distillation tower 83 housing a catalyst bed 84, while nary skill in the art will appreciate that the invention lends
hydrogen is introduced via line 82 to a central portion of the itself to variations not necessarily illustrated herein. For this
tower 83 between the catalyst bed 84 and a separation zone 85 reason, then, reference should be made solely to the appended
located adjacent the base of the tower 83. As before, the claims for purposes of determining the true scope of the
benzene reacts with the hydrogen in the catalyst bed 84 and present invention.
TABLE 1
Conventional
Stream # 1 2 4 6 8 9 10 27 28
Phase Vapor Liquid Mixed Mixed Liquid Vapor Liquid Liquid Liquid
Temp. (° C.) 14500 14500 14500 15477 15477 15477 15477 15477 50.00
Pressure (bar) 12.39 12.39 12.39 12.39 1239 12.39 1239 1239 12.39
Total Mass Rate 201.59  11717.04 3306555 33065.50 25869.90 7195.61 21146.26 4723.65 21146.26
(kg/hr)
Mass Flow Rates (kg/hr)
Hydrogen 201.59 0.00 20396  180.09 291 17718 2.37 0.53 2.37
Benzene 0.00 11717.04 29515.82 28723.10 2177533 6947.79 17799.32 3976.01 17799.32
Methyleyclopentane 0.00 0.00 0.52 0.91 0.64 0.27 0.52 0.12 0.52
Cyelohexane 0.00 0.00 9432 15671 11539 41.32 9432 21.07 94.32
Cyclohexylbenzene 0.00 0.00 298099 367424 364584 2841 2980.14 66570  2980.14
Bicyclohexane 0.00 0.00 2.43 2.99 2.96 0.03 2.42 0.54 2.42
Dicyclohexylbenzene ~ 0.00 0.00  170.54 20839  208.33 0.06 17029 3804  170.29
TABLE 2
Stream # 11 12 15 18 21 22 11 26 25
Phase Vapor Liquid Mixed Mixed Liquid Vapor Mixed Liquid Vapor
Temp. (° C.) 14500 14500 14500 15422 15422 15422 50.00 50.00  50.00
Pressure (bar) 12.39 12.39 12.39 12.39 12.39 12.39 12.39 1239 12.39
Total Mass Rate 302.39 11717.04 2370116 23701.16 11413.93 12287.24 12287.24 11681.72 605.52
(kg/hr)
Mass Flow Rates (kg/hr)
Hydrogen 302.39 0.00 30379 279.01 125 27796 27176 135 27641
Benzene 0.00 11717.04 23302.26 2246539 10554.47 1191093 11910.93 11585.06 325.87
Methyleyclopentane 0.00 0.00 0.49 0.86 0.34 0.52 0.52 049 0.3
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TABLE 2-continued
Stream # 11 12 15 18 21 22 11 26 25
Cyclohexane 0.00 0.00 72.79 135.57 59.44 76.13 76.13 72.92 3.21
Cyclohexylbenzene 0.00 0.00 21.51 794.59 773.08 21.51 21.51 21.51 0.00
Bicyclohexane 0.00 0.00 0.00 0.12 0.12 0.00 0.00 0.00 0.00
Dicyclohexylbenzene  0.00 0.00 0.01 9.51 9.50 0.01 0.01 0.01 0.00
TABLE 3
Stream # 11 12 15 18 21 22 11 26 25
Phase Vapor Liquid Mixed Mixed Liquid Vapor Mixed Liquid  Vapor
Temp. (° C.) 145.00 145.00 145.00 156.89 156.89  156.89  50.00  50.00  50.00
Pressure (bar) 12.39 12.39 12.39 12.39 12.39 12.39 12.39 1239 1239
Total Mass Rate 201.59 11717.04 20237.08 20237.08 11534.23 8702.86 8702.86 8318.44 384.41
(kg/hr)
Mass Flow Rates (kg/hr)
Hydrogen 201.59 0.00 202.55 177.67 121 17646 17646 0.96 17550
Benzene 0.00 11717.04 19968.56 19118.27 10659.76 8458.52 8458.52 8251.54 206.97
Methyleyclopentane 0.00 0.00 0.35 0.71 0.34 0.36 0.36 0.35 0.02
Cyclohexane 0.00 0.00 49.04 107.79 56.86 50.93 5093 49.01 1.92
Cyclohexylbenzene 0.00 0.00 16.29 806.25 789.97 16.29 16.29 16.29 0.00
Bicyclohexane 0.00 0.00 0.00 0.12 0.12 0.00 0.00 0.00 0.00
Dicyclohexylbenzene 0.00 0.00 0.01 9.69 9.68 0.01 0.01 0.01 0.00
TABLE 4
Stream # 31 33 34 36 43 39 44
Phase Liquid Liquid Vapor Mixed Vapor Vapor Vapor
Temp. (° C.) 145.00 127.59 145.00 135.21 145.27 145.00 145.36
Pressure (bar) 12.39 12.39 12.39 12.39 12.39 12.39 12.39
Total Mass Rate 11717.04  14586.38 3991 14626.30 999.91 39.91 1032.66
(kg/hr)
Mass Flow Rates (kg/hr)
Hydrogen 0.00 0.33 3991 40.25 30.12 39.91 31.61
Benzene 11717.04 1456244 0.00  14562.44 965.15 0.00 992.88
Methylcyclopentane 0.00 0.10 0.00 0.10 0.02 0.00 0.04
Cyclohexane 0.00 21.00 0.00 21.00 4.25 0.00 7.33
Cyclohexylbenzene 0.00 246 0.00 246 0.36 0.00 0.80
Bicyclohexane 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Dicyclohexylbenzene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Stream # 41 42 45 46 52 49 51
Phase Vapor Liquid Vapor Vapor Mixed Liquid Vapor
Temp. (° C.) 145.00 145.12 145.12 145.25 50.00 50.00 50.00
Pressure (bar) 12.39 12.39 12.39 12.39 12.39 12.39 12.39
Total Mass Rate 4112 11631.14  1043.62 3076.19  3076.19  2869.35 206.84
(kg/hr)
Mass Flow Rates (kg/hr)

Hydrogen 41.12 1.40 32.95 94.67 94.67 0.33 94.34
Benzene 0.00 1082444 998.60 2956.64  2956.64  2845.46 111.21
Methylcyclopentane 0.00 0.41 0.05 0.11 0.11 0.10 0.01
Cyclohexane 0.00 100.13 10.69 22.27 22.27 20.99 1.28
Cyclohexylbenzene 0.00 686.58 1.30 246 246 2.46 0.00
Bicyclohexane 0.00 0.15 0.00 0.00 0.00 0.00 0.00
Dicyclohexylbenzene 0.00 8.26 0.00 0.00 0.00 0.00 0.00

TABLE 5 TABLE 5-continued

Exam- Exam- Exam- Exam- Exam- Exam- Exam- Exam-
Parameter plel ple 2 ple 3 ple 4 60 Parameter plel ple2 ple 3 ple 4
Benzene Flow rate 150 150 150 150 reactor bed (° C.) 10.4 (Bed 2)
entering process (kg/hr) and
Hydrogen to benzene 1:1.5 1:1 1:1.5 0.4:1 10.8 (Bed 3)
ratio entering reactor Amount of 18.6 0.134 0.101 0.015
Benzene Conversion (%) 6.8 7.1 7.3 6.7 65 cyclohexylbenzene
Temperature rise in 9.8 9.2 11.9  10.1 (Bed 1), recycled (kg mol/hr)
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TABLE 5-continued
Exam- Exam- Exam- Exam-
Parameter plel ple 2 ple 3 ple 4
Amount of 0.157 0.039 0.04 0.034

dicyclohexylbenzene in
product from process
(kg mol/hr)

The invention claimed is:

1. A process for producing cyclohexylbenzene comprising:

(a) contacting hydrogen and benzene in a first reaction zone
under conditions effective to produce a product effluent
comprising cyclohexylbenzene and residual benzene,
wherein at least a portion of the residual benzene is in the
vapor phase and at least a portion of the cyclohexylben-
zene is in the liquid phase;

(b) separating the product effluent into (i) a first stream that
is rich in residual benzene in the vapor phase as com-
pared to the product effluent; and (ii) a second stream
that is rich in cyclohexylbenzene in the liquid phase as
compared to the product effluent;

(c) cooling at least a portion of the first stream to condense
at least a portion of the residual benzene in the vapor
phase to the liquid phase and produce a condensate
stream; and

(d) recycling at least a portion of the condensate stream to
the first reaction zone.

2. The process of claim 1, wherein at least 5 wt % of the
residual benzene in the product effluent is in the vapor phase,
the wt % based upon the weight of the product effiuent.

3. The process of claim 1, wherein at least 25 wt % of the
residual benzene in the product effluent is in the vapor phase,
the wt % based upon the weight of the product effiuent.

4. The process of claim 1, wherein at least 50 wt % of the
first stream is residual benzene in the vapor phase, the wt %
based upon the weight of the first stream.

5. The process of claim 1, wherein the first stream further
comprises cyclohexane and, after removal of the condensate
stream in the cooling step (c), at least a portion of the remain-
ing first stream is contacted with a dehydrogenation catalyst
under dehydrogenation conditions eftective to convert cyclo-
hexane to benzene.

6. The process of claim 5, wherein the dehydrogenation
conditions comprise a temperature between 330° C. and 550°
C. and a pressure between 100 kPa and 1000 kPa.

7. The process of claim 1, wherein the condensate stream
contains less than 0.5 wt % of cyclohexylbenzene, based upon
the total weight of the condensate stream.

8. The process of claim 1, wherein (¢) comprises cooling
the first stream by at least 10° C.

9. The process of claim 1, wherein (¢) comprises cooling
the first stream to a temperature of 150° C. or less.

10. The process of claim 1, wherein the contacting (a) is
conducted in the presence of a stoichiometric excess of
hydrogen.

11. The process of claim 1, wherein the product effluent
further comprises dicyclohexylbenzene, and the second
stream is rich in dicyclohexylbenzene as compared to the
product effluent.

12. The process of claim 1, wherein the hydrogen is fed to
the first reaction zone in a plurality of locations.

13. The process of claim 1, wherein the first reaction zone
contains a catalyst comprising at least one molecular sieve
and at least one hydrogenation metal.

10

25

30

40

22

14. The process of claim 13, wherein the at least one
molecular sieve is selected from zeolite beta, mordenite, zeo-
lite X, zeolite Y, and a molecular sieve of the MCM-22 family.

15. The process of claim 13, wherein said at least one
hydrogenation metal is selected from palladium, ruthenium,
nickel, zinc, tin, and cobalt.

16. The process of claim 1, wherein the second stream
further comprises residual benzene from (a), and at least a
portion of the second stream is fed to a second reaction zone
where the residual benzene is contacted with hydrogen under
hydroalkylation conditions to produce a further product efflu-
ent comprising cyclohexylbenzene and further residual ben-
zene, wherein at least a portion of the further residual benzene
in the further product effluent is in the vapor phase.

17. The process of claim 16, wherein the process further
comprises:

(e) separating the further product effluent into a third
stream that is rich in the further residual benzene in the
vapor phase as compared to the further product effluent,
and a fourth stream that is rich in the cyclohexylbenzene
in the liquid phase as compared to the further product
effluent;

(D) cooling at least a portion of the third stream to condense
at least a portion of the further residual benzene in the
vapor phase to the liquid phase and produce a second
condensate stream; and

(g) recycling at least a portion of the second condensate
stream to at least one of the first reaction zone and the
second reaction zone.

18. The process of claim 16, wherein hydrogen is sepa-
rately supplied to the first reaction zone and the second reac-
tion zone.

19. The process of claim 17, wherein at least one of the
separating steps (b) and (e) is conducted in a flash vessel or
using catalytic distillation.

20. The process of claim 17, wherein at least a portion of
the second stream and/or the fourth stream is vaporized and
recycled to at least one of the first reaction zone and the
second reaction zone.

21. A process for producing cyclohexylbenzene compris-
ing:

(a) contacting hydrogen and benzene in a first reaction zone
under conditions effective to produce a first product
effluent comprising cyclohexylbenzene and residual
benzene, wherein at least a portion of the residual ben-
zene is in the vapor phase;

(b) separating the first product effluent into (i) a first stream
that is rich in residual benzene in the vapor phase as
compared to the first product effluent; and (ii) a second
stream that comprises residual benzene and is rich in
cyclohexylbenzene in the liquid phase as compared to
the first product effluent;

(c) contacting the second stream with hydrogen in a second
reaction zone under conditions effective to convert at
least a portion of the residual benzene to cyclohexylben-
zene and produce a second product effluent comprising
cyclohexylbenzene and further residual benzene,
wherein at least a portion of the further residual benzene
is in the vapor phase;

(d) separating the second product effluent into a third
stream that is rich in further residual benzene in the
vapor phase as compared to the second product effluent,
and a fourth stream that is rich in cyclohexylbenzene in
the liquid phase as compared to the second product
effluent;
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(e) cooling at least a portion of the first stream and the third
stream to condense at least a portion of the residual
benzene and further residual benzene and produce a
condensate stream; and

(f) recycling at least a portion of the condensate stream to
at least one of the first reaction zone and the second
reaction zone.

22. A process for producing phenol comprising:

(a) contacting benzene and hydrogen in a first reaction zone
under conditions effective to produce a product effluent
comprising cyclohexylbenzene and residual benzene,
wherein at least a portion of the residual benzene is in the
vapor phase;

(b) separating the product effluent into (i) a first stream that
is rich in residual benzene in the vapor phase as com-
pared to the product effluent; and (ii) a second stream
that is rich in cyclohexylbenzene in the liquid phase as
compared to the product effluent;

(c) cooling at least a portion of the first stream to condense
at least a portion of the residual benzene and produce a
condensate stream that is rich in residual benzene;

(d) recycling at least a portion of the condensate stream to
the first reaction zone;

(e) oxidizing at least a portion of the second stream under
conditions sufficient to form at least some cyclohexyl-
benzene hydroperoxide; and

(f) cleaving at least a portion of the cyclohexylbenzene
hydroperoxide to form phenol and cyclohexanone.

#* #* #* #* #*
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